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Abstract
Background: We present information on Nycteribiidae flies parasitizing the bat families Pteropodidae, Miniopteridae
and Vespertilionidae from the Malagasy Region, contributing insight into their diversity and host preference.
Results: Our phylogenetic analysis identified nine clusters of nycteribiid bat flies on Madagascar and the neighbouring
Comoros Archipelago. Bat flies sampled from frugivorous bats of the family Pteropodidae are monoxenous: Eucampsipoda
madagascariensis, E. theodori and Cyclopodia dubia appear wholly restricted to Rousettus madagascariensis, R. obliviosus and
Eidolon dupreanum, respectively. Two different host preference patterns occurred in nycteribiids infecting insectivorous bats.
Flies parasitizing bats of the genera Miniopterus (Miniopteridae) and Myotis (Vespertilionidae), namely Penicillidia leptothrinax,
Penicillidia sp. and Nycteribia stylidiopsis, are polyxenous and showed little host preference, while those parasitizing the
genera Pipistrellus and Scotophilus (both Vespertilionidae) and referable to Basilia spp., are monoxenous. Lastly, the inferred
Bayesian phylogeny revealed that the genus Basilia, as currently configured, is paraphyletic.
Conclusion: This study provides new information on the differentiation of nycteribiid taxa, including undescribed
species. Host preference is either strict as exemplified by flies parasitizing fruit bats, or more relaxed as found on some
insectivorous bat species, possibly because of roost site sharing. Detailed taxonomic work is needed to address three
undescribed nycteribiid taxa found on Pipistrellus and Scotophilus, tentatively allocated to the genus Basilia, but possibly
warranting different generic allocation.
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Background
Information on bat diversity in the Malagasy Region
(Madagascar and Comoros Archipelago) has increased
considerably in recent decades with the description of
several species new to science. Currently, 49 distinct bat
species have been reported in this region, of which about
80% are endemic [1–4]. These investigations, which
included new field collections of bats and their ectopara-
sites, have substantially clarified the taxonomy of the
regional bat fauna and improved previously available
information [5] on the diversity and ecology of bat
parasites, including flies of the family Nycteribiidae [6, 7].
Nycteribiids are wingless pupiparous Diptera known to
infest species of the bat suborders Yinpterochiroptera and
Yangochiroptera [8]. Due to their obligatory parasitic life-
style, nycteribiids live near their hosts, and different life
history traits of bats presumably influence the ecology of
these ectoparasites. Finally, the obligatory blood-feeding
behaviour of nycteribiid flies may be important in struc-
turing the diversity of associated bat microorganisms of
possible medical importance [9, 10].
On Madagascar, previous studies of nycteribiid diversity
[5, 11], along with molecular data [12], have provided an
overview of host preference and aspects of their evolution-
ary history. The latter study revealed different patterns of
host preference in five nycteribiid taxa, including Eucampsi-
poda madagascarensis and E. theodori known only from
frugivorous bats, specifically Rousettus madagascariensis
(Pteropodidae, Yinpterochiroptera) on Madagascar and R.
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obliviosus in the Comoros, respectively [12]. Further, this
study suggested little host preference associated with
Nycteribia stylidiopsis, Penicillidia sp. and P. leptothrinax
occurring on insectivorous bats of the genus Miniopterus
(Miniopteridae, Yangochiroptera). In addition to these taxa
and based on specimens collected on Madagascar, Theodor
[5] previously reported the presence of Cyclopodia dubia
on Eidolon dupreanum (Pteropodidae), Basilia (Paracyclopo-
dia) madagascarensis on Scotophilus borbonicus (probably
syn. of S. robustus, see below) (Vespertilionidae, Yangochir-
optera) and Penicillidia decipiens (host not identified).
We present additional molecular data regarding bat
flies parasitizing Eidolon dupreanum, as well as insectiv-
orous Malagasy bats of the family Vespertilionidae,
specifically Myotis goudoti, Scotophilus robustus, S.
marovaza and Pipistrellus cf. hesperidus. These data
provide new insights into nycteribiid diversity and evolu-
tionary history, and may be applicable to studies on the
epidemiology of bat fly associated pathogens.
Methods
Sample collection and morphological characterization
Nycteribiid specimens used in the present study were
obtained during field inventories of bats conducted for
different research projects [12–16]. Bat ectoparasite
collection methods, as well as their morphological iden-
tification, generally follow previous publications [5, 12].
For bat flies collected on Eidolon dupreanum, Pipistrel-
lus cf. hesperidus, Scotophilus marovaza and S. robustus,
morphological identification was undertaken using a
published key [5] and confirmed by CWD. For each bat
fly taxon, one specimen per host bat species was ran-
domly selected for sequencing except flies parasitizing
one individual of S. marovaza for which four flies were
analyzed and included in a bacteriome study of nycteri-
biids from the Malagasy Region [10] (Additional file 1:
Table S1).
Molecular analyses
Whole specimens of bat flies or single intermediate legs
were used for DNA extraction following described pro-
cedures [12]. Because previously published phylogenies
of Malagasy bat flies that employed mitochondrial and
nuclear markers were found to be congruent [12], we
only amplified and sequenced a portion of the mito-
chondrial marker cytochrome c oxidase subunit 1 en-
coding gene (cox1). All new sequences generated in the
present study (658 bp) are deposited in GenBank under
accession numbers MF462026–MF462051 and were
combined with sequences accessible through GenBank
(Additional file 1: Table S1). Alignment was performed
using MAFFT implemented in Geneious Pro version
6.1.4 (http://www.geneious.com [17]), and revealed no
insertions or deletions. The selected best substitution
model was based on Akaike Information Criterion as
determined by jModelTest 2.1.3 [18, 19]. Subsequently,
the Bayesian inference was conducted using MrBayes
3.1.2. [20]. This analysis consisted of two independent
runs of four incremental Metropolis-Coupled Markov
Chain Monte Carlo (MC3) iterations starting from a
random tree. MC3 was calculated for 5,000,000 genera-
tions with trees and associated model parameters
sampled every 500 generations. Further, pairwise genetic
distances between sequences were calculated using the
Kimura 2-parameter model [21] with bootstrapped repli-
cates using MEGA 6.0 software [22].
Host-parasite coevolution
We used ParaFit to test potential host-parasite coevolu-
tion between nycteribiid flies and bat host species; the
null hypothesis was that evolution of hosts (bats) and
parasites (nycteribiids) are independent [23]. As only a
single sequence per lineage can be used as input in Par-
aFit, one consensus sequence was generated using the
software Geneious for the well-supported clade of each
parasite and available cox1 (658 bp) sequences. Because
of major taxonomic revisions of Malagasy bats during
the past decade, especially within the genus Miniopterus,
we used only one recent sequence of cytochrome b
(1047 bp) downloaded from GenBank for each bat host
species. Phylogenies were generated using PhyML imple-
mented in Seaview version 4 [24] and with 1000 repli-
cates. The parafit test was performed using the APE
package [25] under R version 3.0.0 [26]. Finally, a tangle-
gram allowing visualization of host-parasite associations
was created with the software TreeMap 3b [27].
Results
Sixty-six sequences from nycteribiid bat fly sampled
from different bat families, including 26 sequences
produced in the context of this study, resulted in the dif-
ferentiation of nine genetically distinct clades (Fig. 1),
with differing patterns of host preference (Table 1).
Phylogeny of Nycteribiidae bat flies
Bayesian inference based on mitochondrial sequences
revealed that bat fly species parasitizing frugivorous (Ptero-
podidae) and insectivorous (Vespertilionidae, Miniopteri-
dae) bats form two distinct well-supported monophyletic
clades (posterior probability, pp = 1) (Fig. 1). Flies parasitiz-
ing frugivorous bats and belonging to the subfamily Cyclo-
podiinae [28] are divided into two well-supported clades
(pp = 1) comprised of the genera Cyclopodia and Eucampsi-
poda found on Eidolon dupreanum and Rousettus spp.,
respectively. Cyclopodia horsfieldi parasitizing Pteropus
hypomelanus from Malaysia falls within the first clade.
Molecular data presented herein from flies collected on
insectivorous bats from Madagascar and the Comoros
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Archipelago and belonging to the subfamily Nycteribiinae
[29] also yielded two well-supported monophyletic clades
composed of Nycteribia spp. and Penicillidia spp., parasitiz-
ing Miniopterus spp., as well as Myotis goudoti. Both Nyc-
teribia spp. and Penicillidia spp. occurred on a variety of
different host species and in certain cases, a single putative
fly species was identified from several different bat species
(Table 1). In addition, a separate and well-supported cluster
of bat flies parasitizing Malagasy vespertilionids, specifically
Scotophilus robustus, S. marovaza, and Pipistrellus cf.
hesperidus (denoted as Basilia sp. 1–3 in Fig. 1) formed an
independent, monophyletic group excluding B. rybini and
B. truncata from Japan. In this phylogeny, the genus Basilia
is paraphyletic and contains previously unrecognized diver-
sity. Based on the Kimura 2-parameter model (K2P, Table 2),
the average genetic distance between nycteribiid species
from the Malagasy Region ranged from 3.0 to 20.4%. Bat
flies infecting S. robustus and S. marovaza formed a mono-
phyletic clade composed of two groups separated by a gen-
etic distance of 12.1%, supporting the existence of two
Fig. 1 Phylogenetic relationships of nycteribiid flies parasitizing bats on Madagascar and the Comoros. The analysis was carried out using Bayesian
inference under the GTR + I + G substitution model. Values in the nodes represent posterior probability, and only pp. > 0.80 are mentioned. Branchlets in
red represent bat flies from the Malagasy Region. Generic abbreviations under the nycteribiid column include: B., Basilia; C., Cyclopodia; E., Eucampsipoda; N.,
Nycteribia; P., Penicillidia
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distinct species. Similarly, flies parasitizing Pipistrellus cf.
hesperidus were notably divergent (12.1 to 13.5%) from
those found on Scotophilus spp.
Host-parasite coevolution
Overlaying the phylogeny of bat flies on that of their
hosts (Fig. 2) provides a means to examine patterns of
host-parasite associations and potential coevolutionary
signal. Nycteribiid species parasitizing frugivorous bats
appear to show one-to-one (monoxenous) associations
indicative of strict host preference, while two distinct
patterns emerge for nycteribiids parasitizing insectivor-
ous bats: (i) flies infecting Scotophilus spp. and Pipistrel-
lus cf. hesperidus are restricted to their respective host;
and (ii) Nycteribia stylidiopsis and Penicillidia spp.,
parasitize Myotis goudoti and several Miniopterus spp.
ParaFit-based analysis of 15 bat hosts parasitized by
nine nycteribiid taxa revealed a significant signal of
phylogenetic congruence (putative host-parasite coevolu-
tion) between bats and their associated bat flies (ParaFit-
Global = 1.431, P-value = 0.001, 999 permutations). Out
of the 26 host-parasite interactions, 24 showed signifi-
cant associations, suggesting that the majority of the
examined associations of nycteribiids and their bat hosts
are not random. Two associations were found to be
non-significant and only involved Myotis goudoti, para-
sitized by Penicillidia sp. and Nycteribia stylidiopsis
(individual host-parasite link: P-value > 0.05) (Fig. 2).
Discussion
The present study, based on molecular techniques,
enriches information on diversity and host preference of
Malagasy and Comorian bat flies of the family Nycteri-
biidae parasitizing bats of the families Pteropodidae,
Miniopteridae, and Vespertilionidae. Eucampsipoda
madagascarensis and E. theodori each parasitize a single
species of pteropodid bat, R. madagascariensis from
Madagascar and R. obliviosus from the Comoros,
Fig. 2 Host-parasite associations between bat host (cytb) and their nycteribiid flies (cox1). Generic abbreviations under the parasite column
include: B., Basilia; C., Cyclopodia; E., Eucampsipoda; N., Nycteribia; P., Penicillidia. Abbreviations under the host column include: E., Eidolon;
M., Miniopterus; My., Myotis; P., Pipistrellus; R., Rousettus; S., Scotophilus
Table 2 Kimura 2-Parameter distances (in %, below diagonal)
between groups as based on cox1 sequences (658 bp) and
calculated using MEGA 6.0 [17] for nycteribiid species from the
Malagasy Region; values above the diagonal represent the
standard error (in %)
Cdub Bsp1 Bsp2 Bsp3 Nstyl Psp Plepto Emad Ethe
Cdub – 1.6 1.9 1.5 1.6 1.7 1.7 1.5 1.6
Bsp1 17.3 – 1.5 1.4 1.5 1.5 1.6 1.6 1.6
Bsp2 20.4 12.1 – 1.5 1.4 1.9 1.9 1.7 1.8
Bsp3 15.3 11.5 13.5 – 1.5 1.6 1.5 1.6 1.6
Nstyl 15.8 14.3 16.7 12.6 – 1.6 1.3 1.6 1.6
Psp 17.6 14.9 17.9 14.0 12.0 – 1.1 1.7 1.7
Plepto 16.8 15.9 19.0 13.2 11.0 8.5 – 1.7 1.7
Emad 15.0 14.7 17.1 15.2 15.6 16.1 16.8 – 0.6
Ethe 14.8 15.5 17.8 14.6 15.6 15.8 15.9 3.0 –
Abbreviations: Cdub, Cyclopodia dubia; Bsp1, Basilia sp. 1; Bsp2, Basilia sp. 2;
Bsp3, Basilia sp. 3; Nstyl, Nycteribia stylidiopsis; Psp, Penicillidia sp.; Plepto, P.
leptothrinax; Emad, Eucampsipoda madagascarensis; Ethe, E. theodori
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respectively. Similarly, Cyclopodia dubia was only associ-
ated with another Malagasy pteropodid species, Eidolon
dupreanum. Based on available literature, these nycteri-
biid species appear to have strong host preference for
single host species [5, 30]. Recent work on Eucampsi-
poda madagascarensis parasitizing R. madagascariensis
in northern Madagascar found a skewed sex-ratio in
favour of males and a reduced parasitism rate in the dry
season (September) relative the wet season (January)
[31]. Based on the available literature, not one of the
nycteribiid species found on frugivorous bats was
recorded from any animalivorous bat. In contrast, three
taxa of nycteribiids, Nycteribia stylidiopsis, Penicillidia
sp., and P. leptothrinax, were found to be polyxenous,
parasitizing some bat host species, including non-
congeners. However, their hosts are invariably insectiv-
orous bat species, which often co-occupy the same day
roost sites and are in close physical contact (i.e. roosting
in syntopy). This phenomenon is best exemplified by the
genus Miniopterus, which is comprised of at least 11
species endemic to the Malagasy Region, forming a
monophyletic radiation [2] and, in different combina-
tions, members of this genus often co-inhabit cave
roosts with Myotis goudoti, a vespertilionid endemic to
Madagascar [32]. The host-parasite analysis supports
strong associations between Miniopterus spp. and
Nycteribia stylidiopsis/Penicillidia leptothrinax/Penicilli-
dia sp. but not between Myotis goudoti and N. stylidiop-
sis/Penicillidia sp. This pattern may be explained by
host switching events of bat flies between Miniopterus
spp. and Myotis goudoti. Similarly, such host switching
events have been recently proposed to explain the
current pathogenic bacteria diversity found in the same
bat taxa [14]. Nonetheless, it is possible that some nyc-
teribiid species may occasionally infest and take a blood
meal from infected bats that are not their primary hosts,
potentially explaining the occurrence of a given parasite
in these nycteribiid flies [33]. Moreover, certain bat flies
(e.g. the New World Streblidae) are known to display
unexpectedly high levels of host preference [8, 34].
Hence, one explanation for the observation of the same
parasite occurring on bats of different families centers
on the concept of a “reproductive filter”, specifically,
where newly emerged adult flies must locate a host with
conspecific flies for mating and reproduction. Further,
the presence of many potential hosts living in close con-
tact within the same biotope will increase the probability
of host switching [35]. In this case, the physical contact
between M. goudoti and Miniopterus spp. in day roosts
may weaken the effect of this reproductive filter and in
turn, host preference. In any case, our results show that
Miniopterus spp. and Myotis goudoti share the same bat
fly species (Penicillidia sp. and N. stylidiopsis). For in-
stance, Penicillidia sp. flies sampled on M. goudoti
(MF462048), M. manavi (MF462047) and M. griveaudi
(KF02519) showed the same identity based on cox1
sequences; similarly, N. stylidiopsis flies sampled on M.
goudoti (MF462045), and M. gleni (KF021507) were
identical based on this same marker. Interestingly, a
recent genetic study on Cyclopodia horsfieldi from three
species of Pteropus (P. vampurus, P. hypomelanus and P.
lylei) in South East Asia (Cambodia, Vietnam and
Malaysia) showed a low level of genetic structure within
populations of this nycteribiid species. The lack of
genetic structure across these host taxa and geography
argues in favour of the role of P. vampyrus, with the
broadest distribution, in the movement of bat flies between
these Pteropus spp. [36]. In our case, such a mechanism
could be proposed for certain bat taxa acting as dispersal
bridges for bat flies and the likely candidates on
Madagascar would beMiniopterus spp. and Myotis goudoti.
The lack of apparent nycteribiid host preference on
Miniopterus spp. and Myotis goudoti may have conse-
quences for the role of their fly parasites as potential
reservoirs of different pathogens of medical or veterinary
importance. It was recently shown that closely related
bacteria belonging to the genus Bartonella were found
in N. stylidiopsis and P. leptothrinax [10]. However,
these types of switches might be more complex, as
evidence of bacterial exchange between allopatric nycter-
ibiid species has been reported, suggesting that different
biological processes are involved in the structuring of
microparasites relative to macroparasites. However,
because the bats sampled were not screened for Barto-
nella, conclusions about these fly taxa as potential
vectors of Bartonella are premature.
There is evidence that certain Malagasy Miniopterus
spp. have evolved from sister species in geographical
isolation, for example, M. griffithsi [2], while other
species, such as M. gleni, together with Myotis goudoti,
have broad geographical distributions [3] and show little
phylogeographic structure [37, 38], presumably related
to their dispersal patterns. Hence, it is possible that taxa
such as Myotis goudoti and Miniopterus gleni act as
bridge species allowing the dispersion of bat flies and
associated microparasites between allopatric populations
of Miniopterus spp.
The last cluster of nycteribiid flies infecting Malagasy
bats belongs to the speciose and cosmopolitan genus
Basilia (sensu lato). On Madagascar, the only currently
recognized species is B. (Paracyclopodia) madagascaren-
sis, collected from “Scotophilus borbonicus” on Nosy Be,
a near-shore island in the northwest [5]. However, only
two specimens tentatively identified as S. borbonicus are
known from Madagascar [32] and based on the known
distribution of members of this genus it is more likely
that the host species was the Malagasy endemic S. robus-
tus. Our analysis reveals paraphyly within Basilia.
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Malagasy bat fly species currently assigned to this genus
show considerable genetic variation, ranging from 11.5
to 13.5% divergence (Table 2) and appear specific to
their bat hosts (S. robustus, S. marovaza, and Pipistrellus
cf. hesperidus, respectively). These results suggest that
bat flies parasitizing Malagasy Pipistrellus and Scotophi-
lus probably represent undescribed taxa that are poten-
tially distinct from Basilia. Further, this genus is
taxonomically complex and notably diverse [5, 11, 39,
40], and paraphyletic based on phylogenetic analyses [6].
Further systematic work is needed to resolve the generic
and species classification of the divergent Malagasy taxa
currently assigned to Basilia.
Conclusions
The present study complements existing information on
nycteribiid diversity and their host associations from the
Malagasy Region and highlights the importance of bat ecol-
ogy, particularly roosting habits, on the host preference of
their parasites. These results underline the importance of
multidisciplinary investigations involving mammalogists,
entomologists, and microbiologists for a comprehensive
understanding of the distribution, transmission, and poten-
tial spillover of bat-borne parasites and pathogens.
Additionally, future systematic work must be conducted to
identify nycteribiid flies in the other Malagasy Region bat
families (e.g. Hipposideridae, Rhinonycteridae, Myzopodi-
dae and Emballonuridae) that were not sampled in the
present study. The availability of a detailed database on the
bat flies in the region will help provide more comprehen-
sive information on their distribution and patterns of host
preference. Further, additional efforts may help to deter-
mine rates of parasitism, and how the dynamics of parasitism
vary across the season in different populations of bat flies.
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